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SYNOPSIS 
A new single-cylinder optical spark-ignition engine has been designed, developed 
and employed to evaluate combustion of blends of gasoline, iso-octane and a variety 
of alcohols under part-load engine operation at 1500 RPM with port fuel injection. 
In particular, six fuels were tested; a pump-grade gasoline and a commercial E85, as 
well as iso-octane and splash-blended mixtures of iso-octane with 25% ethanol, 85% 
ethanol and 25% butanol. The latter alcohol is a potential second generation biofuel, 
so far subject to little detailed research. Differences in combustion between the 
tested fuels were studied using high-speed crank-angle resolved natural light flame 
imaging in conjunction with in-cylinder pressure analysis over batches of 100 cycles. 
The flame images were processed to infer the evolution of an equivalent flame radius 
during the early stages of combustion. The results demonstrated the effect of alcohol 
addition to iso-octane and benchmark comparisons with commercial grades of 
gasoline and E85. 
1 INTRODUCTION 
Evolving emissions legislation and concerns for diminishing fuel reserves continue 
to prompt automotive engine manufacturers to seek alternative modes of engine 
operation. In recent years European CO2 emissions targets have been met through 
increased Diesel sales. However, the distillation of crude oil results in large 
quanitities of both Diesel and gasoline fuel (1). In order to meet future global 
emissions goals, in the short term it will be necessary to improve the fuel 
consumption of the gasoline engine and in the longer term uncover alternative 
sustainable sources of fuel. Consequently, in recent years there has been increasing 
interest in the use of alcohol-based fuels in gasoline-like engine applications, as such 
fuels have the potential to be employed in a near CO2 neutral manner via efficient 
conversion of biomass. Current first generation biofuels for Spark Ignition (SI) 
engines have become generally available in the form of gasoline-ethanol blends; 
where present quality standards allow fuel manufacturers to include up to ~5% 
bioethanol within the existing commercial gasoline pool without significant 
implication on vehicle durability or performance. However, primarily due to high 
anti-knock rating, higher concentrations of ethanol are desirable and are well known 
to present the opportunity for improved SI engine thermal efficiency and increased 
performance (2–6). One perceived thermodynamic disadvantage of ethanol is its low 
heating value (~2/3 that of gasoline) which may present difficulties with consumer 
acceptance of higher ethanol content fuels without appropriate economic 
adjustments. However, at part-load such penalties of ethanol have been suggested to 
be avoided by the use of advanced engine operating strategies such as aggressive 
downsizing (7) or controlled autoignition (8).  
Although there is some background work on engine performance and emissions with 
lower alcohols like ethanol and methanol (9–17), there is very little published work 
on optical studies of combustion of alcohols in SI engines, thus there is very little 
fundamental understanding as to how alcohol addition to gasoline fuels affects in-
cylinder mixture formation and combustion. Recently, butanol has attracted a lot of 
attention because it exhibits some similar properties to those of gasoline and it is 
thought to make a realistic option as an additive to gasoline which may be used to 
make up high proportions of alcohol-based fuels for SI engines. Butanol has the 
added benefit that it is not as aggressive to standard automotive parts as ethanol is 
and thus can be used with fewer changes to existing hardware designs. However, 
there is very little literature on butanol use in SI engines (18–22) and, in particular, 
no comprehensive optical work. Additionally, although there is a body of literature 
on laminar and turbulent burning velocities for typical SI engine reference fuels like 
iso-octane and n-heptane, there are limited data on alcohol flame speeds (23–27). 
Even these are mainly focused on methanol’s and ethanol’s laminar burning at 
atmospheric conditions and, in fact, it seems that there is a complete lack of 
published detailed data on butanol. The aim of the current study is to shed more light 
on the area of how alcohols perform inside the cylinders of SI engines and compare 
them to today’s leading fossil technologies. Specifically, this paper reports on some 
preliminary work using port injection of different fuel blends. A variety of mixtures 
of gasoline, iso-octane, ethanol and butanol were tested on a new optical engine. 
2 EXPERIMENTAL SETUP 
2.1 Optical research engine 
The research engine used for this work was recently designed and developed by 
MAHLE to provide a low-cost optical single-cylinder assembly. The conventional 
engine bore was replaced with a quartz liner covering the full length of the stroke. 
The gable ends of the combustion chamber were removed and the liner was 
contoured to fit the pent-roof and allow optical access into the chamber (Figure 1). 
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Figure 1. Illustration of the optical access. 
The standard piston was also replaced with an optical upper piston assembly 
including a sapphire window that allowed ~65% of the bore diameter to be 
visualised from below. The piston rings were produced from Torlon to help ensure 
durability of the optical liner. A 45° mirror is used in combination with a Bowditch 
piston to allow optical access through the piston crown. The design configuration of 
the assembly permits testing with different size bores, up to 95 mm. The crankcase 
was a Lister-Petter Diesel which required little modification but imposed a maximum 
permissible engine speed of 2000 Revolutions Per Minute (RPM). The cylinder head 
fitted to the engine at the time of this work was a modified four-cylinder production 
component with four valves per cylinder. The combustion chamber was originally 
based on the side direct fuel injection principle, with a so-called tumble flap used to 
allow some control over the tumbling bulk in-cylinder motion. For the purposes of 
the current work, the head was modified to allow port fuel injection and the tumble 
flap was removed. The specific details of the engine are provided in Table 1. It 
should be noted here that in this paper 0° Crank Angle (CA) corresponds to intake 
Top Dead Centre (TDC) and crank angle timings will be mainly presented with 
respect to that as °CA After intake TDC (ATDC).  
Table 1. Engine characteristics. 
Bore [mm] × Stroke [mm] 82.5 × 88.9 
Compression Ratio 9.8:1 
Intake Valve Timing Opens 711° CA ATDC, Closes 232° CA ATDC 
Exhaust Valve Timing Opens 482° CA ATDC, Closes 718° CA ATDC 
Spark Plug NGK triple-electrode 
Operating conditions 
For the results reported here the engine was operated in port fuel injection 
configuration using injection pressure of 3.6 bar. Both the engine head and cylinder 
liner were heated to 80 °C to represent typical warm engine conditions. The engine 
was operated at 1500 RPM with the Bowditch piston extension and the 45° mirror 
for optical access to in-cylinder phenomena. The throttle was set to give a plenum 
pressure of 0.5 bar for typical part-load operation. The engine control system was 
supplied by MBE Powercontrol Technologies and was specially modified to provide 
flexible trigger interfacing for the current application.  
2.2 Data acquisition  
The data acquisition system has the capability of measuring eight channels at 0.2° 
CA resolution with the most important of these being the pressures, both in-cylinder 
and plenum, as well as the crank angle and cycle markers. From these measurements 
it is possible to perform statistical analysis of the Indicated Mean Effective Pressure 
(IMEP), the amplitude and timing of peak in-cylinder pressure, etc., for a series of 
consecutive cycles. Heat release analysis can also be applied on the pressure traces 
for identification of the timing of various percentages of Mass Fraction Burned 
(MFB) in each cycle and further statistical studies. An engine timing unit (AVL 427 
ETU) is used for synchronisation between pressure recording and all other scientific 
equipment, including triggering of optical instrumentation such as digital cameras. 
2.3 Fuels  
Six different fuels were selected for this study. The first of these fuels was standard 
pump-grade gasoline (95 RON). This was used as the baseline ‘control’ fuel. With 
gasoline being a multi-component fuel, and in order to get a better understanding of 
the combustion process, single-component pure iso-octane was also employed. Iso-
octane was used both in its pure form and in mixtures with various alcohols in 
differing quantities. In particular, mixtures of 25% ethanol and 75% iso-octane, 85% 
ethanol and 15% iso-octane, as well as 25% butanol and 75% iso-octane, were splash 
blended using pure components from chemical suppliers. For comparison with the 
multi-component gasoline, a commercial grade of E85 (85% ethanol, 15% gasoline) 
was also employed. This was not splash-blended but was supplied by a fuel company 
as an already-prepared fuel. The ignition timing was first mapped to identify the 
point of Minimum spark advance for Best Torque (MBT) for each fuel blend. Two 
injection strategies were tested: one against open intake valves at 35° CA ATDC and 
a second one against closed intake valves at 655° CA ATDC. In this paper we will 
only present results for the closed-valve injection strategy. For all fuels it was 
decided that data should be acquired at one fixed ignition timing, namely the MBT 
of gasoline, and at the MBT point of each fuel. Fixing the ignition timing allowed for 
direct comparisons to be carried out between the combustion processes of all fuels 
with nominally same in-cylinder flow fields and temperatures/pressures at the start of 
combustion. The experiments at the MBT of each fuel were also necessary to 
identify differences between the fuels at optimised combustion phasing. Both 
stoichiometric and lean operation was observed. The lean point was set at an 
equivalence ratio of Φ=0.83 (i.e. air excess ratio of λ=1.2) which was close to the 
lowest misfire limit for all blends. The fuels and ignition timings employed are 
summarised in Table 2.  
Table 2. Test matrix of fuels and ignition timings. 
Fuel MBT (Φ=1.0, λ=1.0) 
MBT 
(Φ=0.83, λ=1.2) 
Gasoline 32 40 
Iso-Octane (I100) 36 44 
Butanol 25%, Iso-Octane 75% (B25 I75) 34 44 
Ethanol 25%, Iso-Octane 75% (E25 I75) 30 36 
Ethanol 85%, Iso-Octane 15% (E85 I15) 28 38 
Ethanol 85%, Gasoline 15% (E85) 24 38 
 
2.4 Image acquisition 
The imaging system was based on a Photron APX-RS CMOS camera with a Nikon 
60 mm lens. Flame growth was recorded on 640×480 pixel frames over 100 cycles 
for each test case. At stoichiometric conditions, images were acquired at a frame rate 
of 9 kHz, corresponding to one image per 1° CA at 1500 RPM. For lean conditions, 
the frame rate was set to 4.5 kHz and the flame was captured with an integration time 
of 2° CA to compensate for the low levels of flame luminosity at those conditions. A 
typical imaging sequence of flame growth in a single cycle is shown in Figure 2 for a 
blend of 25% ethanol and 75% iso-octane (E25 I75) at stoichiometry. The timings 
shown correspond to Crank Angle degrees (° CA) After Ignition Timing (AIT). 
Image processing was carried out to calculate an ‘equivalent’ mean flame radius. 
This was achieved by first averaging the flame images at the same crank angle timing 
over the total set of 100 cycles (i.e. ensemble averaging) and then thresholding the 
mean image to calculate the ‘projected’ enflamed area at each crank angle. This was 
used to calculate an equivalent flame radius from the area of an equivalent circle. 
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Figure 2. Flame Growth for 25% Ethanol and 75% Iso-Octane Fuel Blend.  
3 RESULTS AND DISCUSSION 
3.1 Pressure analysis 
Figure 3 shows the mean pressure traces for all conditions. At stoichiometric fuelling 
with ignition timing fixed at the MBT of gasoline (328° CA ATDC), it can be 
observed in Figure 3(a) that the fuels split into two distinguishable groups. The first 
one producing peak pressures of the order 21–23 bar consists of gasoline, E85 and 
the 85% ethanol 15% iso-octane blend (E85 I15). The second one producing peak 
pressures in the range 19–20 bar consists of iso-octane and its lower by volume 
alcohol mixtures (E25 I75, B25 I75). These two groups are also visible in the MFB 
traces in Figure 4(a), where iso-octane, E25 I75 and B25 I75 overlay each other. As 
the ignition timing was fixed for this test, the observed differences can be associated 
with the burning characteristics of the fuels when these are ignited at the same 
pressure/temperature conditions. For reference, it may be pointed out that ethanol 
has a higher laminar burning velocity at stoichiometry than iso-octane (26) and this 
seems to be in agreement with the observations in Figure 3(a). In the absence of 
burning velocity data for butanol, no direct conclusion can be drawn, but it is worth 
pointing out that the 25% addition of ethanol to iso-octane (E25 I75), as well as 25% 
addition of butanol to iso-octane (B25 I75), does not seem to affect significantly the 
burning characteristics of pure iso-octane. The addition of these alcohols, however, 
does decrease the coefficient of variation of IMEP as shown in Table 3.  
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Figure 3. In-cylinder pressure for different fuel blends at stoichiometric and 
lean conditions with different ignition timings. 
Table 3. Coefficients of variation of IMEP (COVIMEP). 
Fuel (Ignition Timing: Gasoline MBT) COVIMEP [%] (Φ=1.0, λ=1.0) 
COVIMEP [%] 
(Φ=0.83, λ=1.2) 
Gasoline 0.89 1.35
Iso-Octane (I100) 0.81 1.95 
Butanol 25%, Iso-Octane 75% (B25 I75) 0.69 2.67 
Ethanol 25%, Iso-Octane 75% (E25 I75) 0.66 2.19 
Ethanol 85%, Iso-Octane 15% (E85 I15) 1.14 3.42 
Ethanol 85%, Gasoline 15% (E85) 1.05 1.52 
Fuel (Ignition Timing: Fuel Specific MBT) COVIMEP [%](Φ=1.0, λ=1.0) 
COVIMEP [%] 
(Φ=0.83, λ=1.2) 
Gasoline 0.89 1.35
Iso-Octane (I100) 0.86 2.32 
Butanol 25%, Iso-Octane 75% (B25 I75) 0.76 2.23 
Ethanol 25%, Iso-Octane 75% (E25 I75) 0.64 2.64 
Ethanol 85%, Iso-Octane 15% (E85 I15) 0.80 0.98 
Ethanol 85%, Gasoline 15% (E85) 1.25 1.15 
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Figure 4. Mass fraction burned for different fuel blends at stoichiometric and 
lean conditions with different ignition timings. 
From the stoichiometric tests that used the MBT ignition timings of each fuel (Table 
2), it seems that there is a reversal of the previous trends in Figure 3(b), as far as the 
iso-octane and the alcohol mixtures are concerned. The three fuels to give the highest 
peak pressure are gasoline, iso-octane and B25 I75, whilst the three that give the 
lower peak pressures are the ethanol fuels (E25 I75, E85 I15 and E85). It is 
interesting to highlight that the butanol blend follows the trend of iso-octane and 
gasoline, whilst the blend with the same percentage of ethanol does not. When 
looking at the corresponding MFB curves in Figure 4(b), it is important to keep in 
mind that the conditions at ignition timing are different in terms of pressure and 
temperature. Data on laminar burning velocities of pure iso-octane and pure ethanol 
in a stoichiometric environment, suggest that an increase of 100 K (similar to the 
differences in in-cylinder temperatures experienced over the ignition timings of this 
test) can increase the laminar burning velocity by as much as 50–80% (26). The 
pressure difference also has some impact (a larger pressure decreases the laminar 
burning velocity) but this is of less significance and in practice expected to be of the 
order 10% when the pressure approximately doubles (26), e.g. as the in-cylinder 
pressure increases from 2.5 bar to 5 bar when the ignition timing is adjusted from 
about 40° CA to 20°CA before compression TDC.  
For lean conditions and with fixed ignition timing at the MBT of gasoline (320° CA 
ATDC, Table 2) in Figure 3(c), the commercial E85 is still producing a higher peak 
pressure (and IMEP) than the rest of the fuels, but the 85% ethanol splash blend with 
15% iso-octane produces the lowest peak pressure. The origin of that difference for 
the nominally identical ethanol content fuels is not clear at this stage but may be 
attributed to the multi-component nature of the gasoline constituents of the E85. The 
addition of alcohols to iso-octane seems to bring the peak pressure down, with 
butanol having a larger effect than the blend of ethanol with nominally same iso-
octane content. It should be pointed out that the ignition timing for the butanol blend 
B25 I75 had to be advanced to achieve MBT conditions, whilst the ethanol blend 
E25 I75 had to be retarded and this may act to explain the higher peak pressure of 
the ethanol blend in comparison to that of the butanol blend when the ignition timing 
was fixed in Figure 3(c). The lower mean peak pressure recorded for the higher 
percentage ethanol splash blend may be explained by the lower laminar burning 
velocity of ethanol (in comparison to that of iso-octane) at lean conditions, especially 
at an equivalence ratio of the order Φ=0.8 (26). This is upheld by the MFB traces in 
Figure 4(c). The low peak pressure of E85 I15 is also consistent with the high 
coefficient of variation of IMEP shown in Table 3, which may indicate that this fuel 
is closer to its misfire limit than the rest.  
For the lean test condition using the fuel specific MBT ignition timing in Figure 
3(d), the E85 was found to continue giving high peak pressures, whilst the butanol 
blend B25 I75 and the E85 I15 blend were seen to give similar in-cylinder pressures 
to the gasoline fuel. Again, it is interesting to note that the 25% butanol addition to 
iso-octane seems to bring the B25 I75 mixture close to the burning characteristics of 
gasoline. This is also visible in Figure 4(d), where the increase in butanol content 
over the pure iso-octane produces similar MFB traces to that of gasoline and is much 
faster than that of pure iso-octane for optimised combustion phasing.  
3.2 Image analysis 
Figure 5 shows the flame radii as calculated from the images for each test case. It 
should be pointed out that the maximum flame radius shown corresponds to the edge 
of the optical crown which was 53 mm in diameter. To provide a link between Figure 
5 and the MFB traces shown earlier in Figure 4, the flame radius was used to 
estimate the burned volume of the gas on the basis of an equivalent sphere. 
According to (28), the volume fraction burned yb was then related to the mass 
fraction burned xb via the ratio of the unburned to the burned gas densities, ρu and ρb 
respectively: 
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on average to 20° CA AIT for stoichiometric burning and to 10° CA later for lean 
burning, the mass fraction burned was calculated to be of the order 5–10% for a 
density ratio ρu/ρb of the order 3–5. This is in agreement with Figure 4 and it 
highlights that flame radii in Figure 5 demonstrate phenomena very early in the cycle 
that the pressure analysis cannot capture reliably on a cycle-by-cycle basis.  
In Figure 5(a), for stoichiometric conditions and fixed ignition timing of 328° CA 
ATDC (MBT of gasoline, Table 2), the fastest fuel with a flame radius of 15 mm at 
18° CA AIT is E85, and the slowest to the same radius is the 25% ethanol 75% iso-
octane blend (E25 I75) at 25° CA AIT. This corresponds reasonably well with the 
MFB traces in Figure 4(a). Gasoline is in the mid range of the curves in both flame 
radius and MFB graphs, 5(a) and 4(a), respectively. Pure iso-octane and the butanol 
blend B25 I75 are also in the middle of the range and they appear to have larger 
flame growth than that of gasoline, which is not the case in the MFB data. Although 
they appear to be faster, the rate of growth of flame radius is slower than that of 
gasoline which may help account for the higher pressure achieved by gasoline in 
Figure 3(a). Although the iso-octane and the E25 I75 blend overlay in both in-
cylinder pressure and MFB graphs, the ethanol blend appears to start later but has a 
faster rate of growth after combustion has begun in Figure 5(a). At stoichiometric 
conditions with ignition timings optimised for each fuel independently in Figure 
5(d), the butanol blend B25 I75 is faster at early growth than the rest of the fuels, 
whilst E85 exhibits a relatively slow growth in comparison to observations that apply 
to the MFB traces in Figure 4(b). The origin of this is not currently clear and forms 
part of our work in progress, but by examining the raw data, it was found that the 
flames of the butanol blend had greater luminosity than that of the E85 flames and 
this probably accounts for the trends in Figure 5(b). Iso-octane and gasoline follow 
trends in Figure 5(b) that seem to agree with the MFB data in Figure 4(b).  
At lean operating conditions and for all the fuels ignited at the MBT of gasoline 
(340° CA ATDC, Table 2), the flame radii in Figure 5(c) show similar trends to the 
MFB curves in Figure 4(c), with the commercial E85 being the fastest and the 
splash-blended E85 I15 being the slowest. Additionally, it seems that pure iso-octane 
is marginally faster than the lower alcohol blends which is in agreement with earlier 
comments about the differences in laminar burning velocity. Gasoline appears to be 
slow in starting but has the highest rate of growth once combustion has begun. The 
order of flame growth at fuel specific MBT ignition timings for lean operation in 
Figure 5(d) shows good agreement with the MFB data in Figure 4(d). Specifically, 
commercial E85 is the fastest, iso-octane is the slowest, and the lower percentage 
alcohol blends perform very close to gasoline after gasoline’s slow start.  
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Figure 5. Evolution of flame radius for different fuel blends at stoichiometric 
and lean conditions with different ignition timings. 
4 CONCLUSIONS 
The combustion of blends of gasoline, iso-octane and a variety of alcohols under 
part-load engine operation at 1500 RPM was studied with port fuel injection in a 
newly designed optical spark-ignition engine. In particular, six fuels were tested at 
stoichiometry and at a lean equivalence ratio of Φ=0.83 (λ=1.2); a pump-grade 
gasoline and a commercial E85, as well as iso-octane (I100) and splash-blended 
mixtures of iso-octane with 25% ethanol (E25 I75), 85% ethanol (E85 I15) and 25% 
butanol (B25 I75). The tests were carried out at fixed ignition timing, namely the 
MBT of gasoline, to examine the combustion of these fuels with nominally same in-
cylinder pressure, temperature and flow environments. Additionally, the ignition 
timing was optimized independently for each fuel to achieve MBT. Differences 
between the fuels were observed using high-speed crank-angle resolved natural light 
flame imaging and in-cylinder pressure analysis over batches of 100 cycles. The 
pressure data were used to calculate mass fraction burned traces for each fuel and the 
flame images were processed to infer the evolution of an equivalent flame radius 
during the early stages of combustion. The conclusions are summarised as follows:  
• The commercial E85 was found to produce higher peak pressures, greater 
IMEP, faster mass fraction burned traces and faster flame radius growth than the 
rest the fuels for most test cases, irrespective to changes in ignition timing. 
Additionally, E85 was found to be relatively insensitive to changes in air-to-fuel 
ratio from stoichiometric (Φ=1.0 or λ=1.0) to lean (Φ=0.83 or λ=1.2). 
• The splash-blended E85 I15 fuel was found to follow similar patterns to those 
expected from laminar burning velocity correlations. In particular, for fixed 
ignition timing at stoichiometric conditions it was faster than pure iso-octane, 
but at lean conditions it was slower. 
• Addition of 25% ethanol or 25% butanol to iso-octane did not affect appreciably 
the combustion characteristics of iso-octane at fixed ignition timing as observed 
through thermodynamic analysis of the pressure traces for stoichiometric 
conditions. For lean conditions though, the effect was to marginally slow down 
the combustion process. 
• Addition of 25% butanol to iso-octane was found to burn faster than pure iso-
octane for optimised ignition and to exhibit behaviour more akin to gasoline. 
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